Abstract Rising global temperature has put increasing pressure on understanding the linkage between atmospheric warming and the occurrence of natural hazards. While the Paris Agreement has set the ambitious target to limiting global warming to 1.5 ∘ C compared to preindustrial levels, scientists are urged to explore scenarios for different warming thresholds and quantify ranges of socioeconomic impact. In this work, we present a framework to estimate the economic damage and population affected by river floods at global scale. It is based on a modeling cascade involving hydrological, hydraulic and socioeconomic impact simulations, and makes use of state-of-the-art global layers of hazard, exposure and vulnerability at 1-km grid resolution. An ensemble of seven high-resolution global climate projections based on Representative Concentration Pathways 8.5 is used to derive streamflow simulations in the present and in the future climate. Those were analyzed to assess the frequency and magnitude of river floods and their impacts under scenarios corresponding to 1.5 ∘ C, 2 ∘ C, and 4 ∘ C global warming. Results indicate a clear positive correlation between atmospheric warming and future flood risk at global scale. At 4 ∘ C global warming, countries representing more than 70% of the global population and global gross domestic product will face increases in flood risk in excess of 500%. Changes in flood risk are unevenly distributed, with the largest increases in Asia, U.S., and Europe. In contrast, changes are statistically not significant in most countries in Africa and Oceania for all considered warming levels.
Introduction
Globally, almost 1 billion people live in floodplains [Di Baldassarre et al., 2013] . Close access to fresh water resources provides drinkable water, fertile lands, protection barriers, and navigable corridors. Yet, it increases the exposure to river flooding caused by extreme weather events. Societies have always strived to minimize the impacts of floods by reducing their vulnerability through a variety of flood mitigation measures including physical barriers, retention basins and early warning systems, among others [ABI, 2003; Woodward et al., 2011; Alfieri et al., 2016] . Since the early years of human settlements, actions to reduce vulnerability commonly occurred only after catastrophic events have hit [Wind et al., 1999; Kreibich and Thieken, 2009; Zurich, 2014; Jongman et al., 2015] . Yet, the intensification of the hydrological cycle due to global warming and increasing exposure raise growing concerns on future floods and their impacts on economy and health.
At the 21st Conference of the Parties (COP21) held in Paris in 2015, 195 countries joined forces to produce the first-ever global and legally binding climate agreement. The agreement aims to strengthen the global response to the threat of climate change [UNFCCC, 2015] . A key point of the agreement is a joint effort to keep the increase in the global average temperature to well below 2 ∘ C above preindustrial levels and to pursue efforts to limit the temperature increase to 1.5 ∘ C. Those goals appear in contrast with the latest observed trends recording global warming in the range of 1 ∘ C [GISTEMP Team, 2016; JMA, 2016] and a relentless increase toward the target levels. Scientists are now, more than ever, urged to investigate and quantify the socioeconomic impacts of natural hazards under different degrees of global warming. Realistic impact estimates with the related uncertainty are key to inform international organizations, governments, reinsurance companies, and the Intergovernmental Panel on Climate Change (IPCC), to support climate policy making, disaster risk reduction, and international agreements on climate mitigation. 10.1002 10. /2016EF000485 et al., 2013 10. , 2016 Ward et al., 2014] exposed to river flooding in the present climate and under future climatic changes. Yet, key impact indicators such as direct and indirect flood losses have not been explicitly estimated so far in global-scale analyses. Moreover, available estimates of people and assets exposed often rely on simplifications and assumptions needed to enable a global-scale assessment including regions where data are scarce or unavailable. Novel research efforts have pushed forward the understanding and the mapping of global flood hazard [Sampson et al., 2015; Dottori et al., 2016] , exposure [Freire et al., 2015] , and vulnerability Scussolini et al., 2016] , finally enabling process-based modeling of river flood risk at global scale under present and future climate conditions.
In this research, we developed and applied a framework for global flood risk assessment based on a meteohydrological modeling chain coupled with state of the art maps of flood depth, exposure and vulnerability. We used climatic projections from seven downscaled general circulation models (GCMs) to estimate changes in the expected damage and population affected by river floods under specific warming levels (SWLs) of 1.5 ∘ C, 2 ∘ C, and 4 ∘ C as compared to the preindustrial levels. Results are aggregated by country, river basin, continent, and global land surface, while the agreement of the ensemble projections is assessed through dedicated statistics.
Sections 2 and 3 illustrate data and methods used. Key results showing changes in precipitation, flood hazard, and flood risk are included in Section 4 while a complete overview of countries and river basins can be found in the Appendix S1, Supporting Information. Results are discussed in Section 5, together with some concluding remarks on their relevance and limitations.
Data
Key input to the flood risk assessment is the meteorological forcing data for the present and future climate. We used a set of seven climate projections with high concentration scenario (i.e., RCP 8.5) produced with EC-EARTH3-HR v3.1 [Hazeleger et al., 2012, see Appendix S1] by the Swedish Meteorological and Hydrological Institute. Downscaled projections are obtained by forcing EC-EARTH3-HR with sea surface temperature and sea-ice concentration from seven GCMs as boundary conditions, yet preserving the original global extent. Forcing data are taken from seven independent driving GCMs produced within the Coupled Model Intercomparison Project Phase 5 shown in Table 1 . The benefits of downscaling the original models output with EC-EARTH3-HR are to increase and level out the spatial resolution, from their original grids-different for each forcing model-to 0.35 ∘ , leading to an improved characterization of extreme events and comparable statistics among different models.
To define inundation depth and extent for simulated river flood events, we make use of the global flood hazard maps developed by Dottori et al. [2016] for six return periods between 10 and 500 years under present climate conditions. These raster maps define the flood depth in rivers with an upstream drainage area larger than 5000 km 2 in all continents except Antarctica, covering 73% of the considered continental area along 1.9 million km of rivers [Dottori et al., 2016] . They were produced at 30 arc-second resolution (∼1 km at the equator) with a two-dimensional hydrodynamic model designed to ensure an accurate representation of flow processes in the river network and in the flood plains. Dottori et al. [2016] and Alfieri et al. [2013] assessed the performance of the flood hazard maps and of their underlying global streamflow climatology, considering several river basins, flood events and more than 600 river gages across the globe.
Population data were taken from the Global Human Settlement Layer Global Population Grids [Pesaresi et al., 2013; Freire et al., 2015] . It includes estimates for the year 2015 and it was derived by upscaling the original product at 250-m resolution, to 30 arc-second resolution.
Further datasets used in the risk assessment include the FLOPROS [Scussolini et al., 2016] global database of FLOod PROtection Standards; land use from the GlobCover 2009 [Bontemps et al., 2011] ; and damage functions by Huizinga and de Moel [2016] . The latter describe the relation between inundation depth and the corresponding direct economic damage per unit surface, through piece-wise linear functions. Damage curves were defined through literature searches and dedicated surveys to collect flood damage data in several countries from six continents . Functions were then defined for five sectors including residential, commercial, industrial, infrastructures, and agriculture. Country-specific functions per sector have been derived by multiplying the maximum unit damage per country by linear step-functions defined at continent level . SWLs not included in the model simulations are in bold.
Methods
In this work, all hydrological variables are modeled through three levels of grid resolution, so to optimize the tradeoff between information content and computing resources needed ( Figure 1 ):
1. A global hydrological model was set up at 0.5 ∘ resolution (∼55 km at the equator) to run 130+ years (see Table 1 ) of daily climatic projections for seven independent models, and estimate changes in flood magnitude and flood frequency under climate change.
2. A streamflow climatology was produced with a global hydrological model run in continuous mode over 34 years at daily temporal resolution [Alfieri et al., 2013] . Spatial resolution used is 0.1 ∘ (∼11 km at the equator).
3. Flood hazard maps at 30 arc-second (∼1 km at the equator) were derived from the global streamflow climatology for six selected return periods. Details on methods, output, and validation against regional maps are given by Dottori et al. [2016] .
The proposed framework for global flood risk assessment is based on two key components: (1) estimation of the potential impacts of flood events with magnitude corresponding to the six selected return periods under present climatic conditions and (2) estimation of the magnitude and frequency of extreme flood events in the present and future climate. Those are described in the following sections.
Potential Flood Impacts
We derived maps of potential population affected and potential damage for six flood return periods (T F = 10, 20, 50, 100, 200 and 500 years) under present climatic conditions. Impact maps at 30 arc-second resolution are obtained by combining global flood hazard maps by Dottori et al. [2016] with exposure data in the form of population density and land use, and with vulnerability information expressed by the flood damage functions. Potential population affected are estimated by overlaying population density and flood hazard maps, assuming population to be affected for any positive flood depth. Potential damage maps are generated for each of the five sectors (i.e., residential, commercial, industrial, infrastructures, 
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and agriculture) by combining inundation depth with the damage functions and with maps of percent land use pertaining to each sector, derived from the GlobCover at 10-s (∼300 m) resolution. Maps of potential impact per sector were aggregated at the resolution of the hydro-climatic forcing of 0.5 ∘ using a physically based approach proposed by Alfieri et al. [2015] , which assigns flooded areas to the grid point of the causative inflow hydrograph at coarser resolution. In this case, flood polygons were first aggregated at 0.1 ∘ resolution of the flood hydrographs and then upscaled to 0.5 ∘ according to the drainage direction.
Projections of the Frequency and Magnitude of River Floods
Daily streamflow simulations at 0.5 ∘ resolution were produced with the Lisflood model [van der Knijff et al., 2010; Burek et al., 2013, see Appendix S1] forced by seven climatic projections starting in 1971, using temperature, precipitation and potential evapo-transpiration as input variables. The latter was estimated using the Penman-Monteith equation calculated with daily mean temperature, wind speed, relative humidity and solar radiation as input. For each grid cell and climate projection, we fitted a Gumbel extreme value distribution on the series of 30 discharge annual maxima between 1976 and 2005, with the method of L-moments [Hosking, 1990] . Significance of the analytical curves was assessed by bootstrapping, using 1000 repetitions for each fit. A Peak Over Threshold (POT) routine was used to select flood events simulated in the present and future climate. To this end, we first calculated the return period of simulated discharges for the available time windows by inverting the analytical Gumbel distributions. High-flow events above natural bank full conditions are defined as the set of contiguous discharge values with return period larger than 2 years [e.g., Carpenter et al., 1999] . Then, high-flow events with maximum return period larger than the local value of flood protections are considered as flood. Note that the output of such analysis is not the quantitative streamflow estimation, but rather the timing and magnitude of simulated flood events. Hence, the use of the raw model output in place of bias corrected alternatives is a suitable option for the impact assessment. On the other hand, this avoids a number of issues affecting bias corrected climate scenarios, namely, (1) breaking the physical links between the atmospheric variables; (2) strong influence of the quality and resolution of the observational dataset on the output product; (3) bias-corrected datasets are often associated with a decrease in model resolution; (4) questionable benefits of the bias correction for extreme events [Ehret et al., 2012; Themeßl et al., 2012; Muerth et al., 2013; Huang et al., 2014] .
Projections of Flood Risk at SWLs
The socioeconomic impact of river floods in the present and future climate is assessed by linking every simulated flood event to its potential damage and population affected, by applying linear interpolation between the six modeled return periods (see Section 2.2). The approach based on POT enables a more accurate estimation of the flood frequency, as it accounts for all flood events exceeding flood protections in any given place, potentially even more than one per year. Accordingly, impacts are counted independently for each flood event, either consecutive or in different seasons/years. This is consistent with a framework assessing the direct impacts of floods, which by definition occur during the physical contact of the flood water with the exposed assets, and end as the inundation recedes [Penning-Rowsell et al., 2005; Merz et al., 2010] . Results are aggregated over four time horizons of 30 years each: a baseline scenario between 1976 and 2005, and three future scenarios centered on the year of exceeding the three SWLs of 1.5 ∘ C, 2 ∘ C, and 4 ∘ C for each of the seven models (Table 1) . Given the inherent low frequency of flood events, impact values simulated for each grid cell are aggregated at different spatial levels to increase their robustness. Spatial aggregations were performed by country, continent (Russia was considered as a separate continent, being the world's largest transcontinental country), global land surface and large river basins with area in excess of 500,000 km 2 (see Figure S1 ). The agreement of country aggregated estimates from an ensemble of seven climatic projections is assessed with the Student's t-test on the projected changes in impact between the baseline and each SWL. 
Results

Trend in Precipitation Extremes
We analyzed trends of extreme annual precipitation cumulated over durations of 1, 5, and 10 days, in 37 world's largest river basins (see Figure S1 ). Those are useful nonparametric indicators complementing the assessment of the future flood hazard. Climate projections point toward an intensification of the hydrological cycle, with the vast majority of river basins projected to experience more extreme precipitation events over durations typically associated with large-scale floods. The average trend of the ensemble was assessed through linear regression while the statistical significance was tested with the Mann-Kendall statistics for monotonic trends [Mann, 1945; Kendall, 1975] . Results are shown in Figure 2 for three river basins and for the World's land surface, while 34 more river basins are shown in the Appendix S1. An increasing trend of maximum daily precipitation is projected for all river basins, with significance level exceeding 95% (i.e., p MK < 0.05) in all cases except that of the Okavango. Over longer accumulations trends remain mostly positive despite becoming weaker in arid regions. Trends of 10-day maxima are significantly increasing for 32 of 37 basins, unchanged for the Colorado and the Australian's Murray-Darling and Eyre Lake, and significantly decreasing in the Okavango and Orange, in Southern Africa. Under high-end climate change, projections for the entire land surface indicate virtually certain (∼100% confidence) increase of annual precipitation maxima, with average rates between 0.13 (1-day) and 0.24 (10-day) mm/yr.
Flood Statistics at SWLs
We analyzed the statistics of simulated flood events to detect significant changes in the flood hazard at SWLs. Figure 3 compares the empirical recurrence interval of simulated events with their theoretical values as derived by the corresponding analytical distributions. Flood events are aggregated by continent and include all seven models, so to increase the sample robustness and enable the analysis of extremely rare events in the order of 1 in 10,000 years. All floods peaks are transformed into their return periods using the analytical curves derived for the baseline scenario. The empirical frequency of simulated events over different classes of magnitude is then compared to the theoretical frequency, assuming independence of the data samples. In the ideal case, the grey lines of the baseline scenario would match the 1:1 line. However, lines tend to flatten for low theoretical return periods thanks to the effect of flood protections preventing floods to occur. Similarly, empirical lines tend to loose steepness for increasing return periods, due to the autocorrelation of the flood magnitude along the drainage network, as previously noted by Jongman et al. [2014] in a large-scale assessment.
Graphs indicate a significant increase in the frequency of extreme events for all SWLs. This appears as a decrease in the future recurrence interval of simulated floods with the same intensity as in the baseline. As an example, in Africa, events with a present theoretical return period of 100 years were simulated to occur on average every 185 years (95% confidence interval within 80 and 360 years). These figures are projected to drop to 1 in 40 years at 1.5 ∘ C and 2 ∘ C and 1 in 21 years at 4 ∘ C warming, implying that protection standards will need to be upgraded to ensure the same statistical level of protection. In North America, most regions are presently protected to the 1 in 100 year flood, though at 4 ∘ C warming these standards will only withstand up to the 1 in 10 year flood. On average, red lines indicating changes at 4 ∘ C lie well below those of milder warming levels for all continents except that for Europe, where similar changes are expected for all warming levels.
Global Projections of Flood Risk
Flood impact was derived for each simulated flood and then aggregated over different temporal and spatial scales to achieve robust statistics for the present and future climate. Annual ensemble projections of damage and population affected till 2100 are shown in Figure 4 , while Table 2 shows the modeled flood impact in the baseline scenario (i.e., 1976-2005) disaggregated by continent and economic sector. Impact values simulated over past events cannot be compared directly with observed figures, as the historical scenario of climate projections does not reproduce the day-to-day history of the observed climate but rather a coherent evolution of the atmosphere under a specific climatic forcing. Yet, simulated scenarios reproduce skillfully the magnitude of the socioeconomic impact of observed river floods over large spatial and temporal aggregations. Central estimates of global flood risk in the baseline scenario total 54 million people affected and 58 billion EUR (75 billion USD) of damage per year. Estimates of population affected compare well in magnitude with observed data, reporting 81 million and 109 million people per year [Jonkman, 2005; UNISDR and CRED, 2015] . Larger uncertainty affects official figures on global flood losses, where reported 29 billion USD per year [Munich Re, 2015] are in contrast with the supposedly more realistic estimates of 104 billion USD per year by the Global Assessment Report [UNISDR, 2015; UNISDR and CRED, 2015] , the latter pointing out that only 35% of weather-related disasters include information about economic losses. Simulated impacts in the baseline are largest in Asia and Africa, which together account for 95% of people affected and 73% of the economic damage. The sectoral analysis shows that residential damages represent up to half of the total losses, followed by commercial and industrial impacts. Agricultural damage often takes a minor proportion, though it reaches 13% in Africa and 7% in Asia and South America. The damage share by sector did not change significantly in the future scenarios (not shown), due to the assumption of constant land use and population density. Under a high-end climate scenario, global flood impacts are projected to rise at an average rate of 2.4 million people and 3 billion EUR per year, exceeding a fourfold increase in flood risk by the end of the century due to climate change only.
Future Flood Risk Per Country at SWLs
Maps of changes in flood impacts per country at 1.5 ∘ C, 2 ∘ C, and 4 ∘ C are shown in Figure 5 . A confidence level of 90% is used to display the multimodel agreement. Following the IPCC terminology for likelihood [Mastrandrea et al., 2010] , countries with no hatching in the figures are very likely to experience significant changes of flood risk. Changes in flood risk appear unevenly distributed, with the largest increases in Asia, U.S., and Europe. On the other hand, projected changes are statistically not significant in most countries in Africa and Oceania for all considered warming levels. Relative changes in population affected (damage) at 4 ∘ C warming are projected to exceed 1000% in 15 (16) countries in Central Europe, South Asia, South America, and Japan (confidence = 90%), as compared to that in 1976-2005. Negative changes in flood risk are found in some countries in Europe and Africa, in agreement with the regional assessment on Europe by Alfieri et al. [2015] . Interestingly, only Latvia showed statistically significant negative changes at all SWLs for both impact indicators. Figure 6 shows the top 20 countries projected to be impacted the most by future floods, ranked by largest impacts at 4 ∘ C global warming. Countries 21 to 100 are shown in the Appendix S1, together with a ranking by river basin, while Table S1 show the projected average change in flood risk at SWLs for all considered world countries. Largest absolute impacts are found in China, where current estimates of 9 million people affected and 25 billion EUR damage per year are projected to rise with the global warming, reaching 40 million and 110 billion EUR per year at 4 ∘ C warming. A remarkable finding is the more than 20-fold increase in flood risk in India and Bangladesh at 4 ∘ C warming, which puts them in the first 3 (8) countries by population affected (damage). Also, in spite of the relatively high standards of flood protections in the EU28 countries, projected increase in flood risk is estimated to place the European Union as a whole as third (fourth) most affected country by expected damage at 1.5 ∘ C and 2 ∘ C (4 ∘ C) warming.
Discussion and Conclusions
This research presents a novel framework to explore the socio-economic impacts of a changing climate on the future flood risk at global scale. We used an ensemble of seven high-end climate scenarios as meteorological input and assessed the changes in flood risk under SWLs of 1.5 ∘ C, 2 ∘ C, and 4 ∘ C, considering different spatial aggregations including countries, continents, large river basins and global land areas.
In addition to the climatic uncertainty shown through our analyses, flood impact estimates are affected by other sources of uncertainties pertaining to the different components and datasets used within the modeling chain to represent hazard, exposure, and vulnerability. Freire et al., 2015; Dottori et al., 2016; Huizinga and De Moel, 2016; Scussolini et al., 2016] . In addition, the risk assessment framework provided skillful estimates of the global flood impact in the present climate, proving itself as a suitable tool for impact assessment under climate change. Results of this research clearly point out a positive correlation between global warming and global flood risk. Our analyses reveal that the intensification of the hydrological cycle caused by warmer air temperature is linked to more extreme rainfall accumulations in all world regions, particularly over short durations. Flood events with occurrence interval larger than the return period of present flood protections are projected to rise in all continents under all considered SWLs, leading to widespread increase in the flood hazard. Statistically significant increase in flood risk was found in most world regions due to the combination of the future flood hazard and information on global exposure and vulnerability. Our findings indicates that, at 4 ∘ C global warming, countries representing 73% of the world population and 79% of the global GDP will very likely experience increasing flood risk at an average 580% increase in population affected and 500% increase in damage, as compared to the impact simulated over the baseline period 1976-2005. Such figures reduce to 100% (170%) increase in population affected and 120% (170%) increase in damage for a warming level of 1.5 ∘ C (2 ∘ C). Projected changes are not homogeneously distributed on the world land surface. Largest increase in flood risk was found in U.S., Asia, and Europe while negative changes were found in only few countries in Eastern Europe and Africa. In contrast, the multimodel projections did not agree on a significant change in flood impacts in several countries in Africa, Oceania, Central America, Northern Europe, and Middle East.
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The model framework we used includes unprecedented features for global flood risk applications, which were possible thanks to recent progresses in global datasets on flood hazard, exposure, and vulnerability. Key advances over previous works are:
• An event-based selection of simulated flood peaks, enabling more accurate detection of nonlinear patterns of change in flood frequency and magnitude under nonstationary climate.
• A multiresolution approach, which maximizes the computing power in the representation of different variables and enables the coupling of large datasets. Key example is the use of high-resolution global flood hazard maps to estimate the impact of floods, coupled with 130+ year climatic projections at daily resolution to assess the flood frequency.
• The first global-scale assessment of flood damage, rather than the commonly used exposed GDP, thanks to recent efforts in producing global flood damage functions and of the release of the first global dataset on flood protections [Scussolini et al., 2016] . Similarly, advances in mapping the global population distribution [Pesaresi et al., 2013] has significantly increased the accuracy in the estimation of population affected by floods.
Findings and implications of this work should be evaluated by considering some underlying modeling assumptions. We assume that impact levels at SWLs are independent of the timing of the warming and of the pathways of the greenhouse gas concentrations. In the presented work, we evaluated impacts on 30-year windows centered on the year of passing each SWL, without considering longer term inertial effect under hypothetical stabilization scenarios corresponding to each SWL. We used RCP 8.5 projections as they normally exceed 4 ∘ C warming by the end of the current century, hence all three considered SWLs could be analyzed in the same set of simulations. Despite its limitations, this assumption is commonly accepted by the scientific community and adopted in a number of recent works [Hirabayashi et al., 2013; James and Washington, 2013; Swain and Hayhoe, 2014; Koutroulis et al., 2016] . Also, this research focuses on impacts due to riverine flooding in river sections with upstream area larger than 5000 km 2 , consistent with the underlying inundation maps by Dottori et al. [2016] . Impacts from flash floods, pluvial floods, and coastal floods are not simulated by the impact model.
Results of this research support the recommendations of the Paris Agreement and confirm the urgent need for all World countries to take active mitigation measures to limit global warming and the consequent increase in flood risk. It is worth noting that, even under the most optimistic warming scenario of 1.5 ∘ C, we estimate a more than doubling of global flood risk as compared to . This implies that effective adaptation plans must be implemented timely to complement mitigation efforts if we aim to keep flood risk rates within the current levels or below. In addition, socioeconomic drivers are likely to make impacts higher in developing countries and in regions with significant population growth. The increase in flood risk may become unsustainable in regions where the combination of socioeconomic and climatic drivers is particularly adverse, potentially triggering large-scale climatic crises involving conflicts and mass migration.
